A constant current electrodeposition approach was employed to prepare Cu 2 O/TiO 2 nanocomposite thin film. X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), Raman, ultraviolet visible light spectrophotometer (UV-Vis), and photoluminescence (PL) measurements were used to characterize and analyze the thin film microstructure, surface morphology, and photoelectric properties. The effect of annealing treatment on the thin film properties is discussed.
INTRODUCTION
Energy shortages and environmental pollution are two major problems facing humankind owing to the constant consumption of fossil fuels. Photocatalytic technology, newly developed, can effectively utilize solar energy with low cost, high safety, high efficiency, and high controllability, and thus has a wide range of applications in the fields of environmental purification, photodegradation of water, dye-sensitized solar energy, etc. Photocatalytic technology is an effective strategy for achieving clean renewable energy and environmental remediation (Reddy et al. ; Molinari et al. ) .
However, many problems still exist in the development of photocatalytic technology, such as low quantum efficiency, low efficiency of photoelectric conversion in visible light, difficulty of recovery, etc. A large number of recent studies have shown that the construction of a heterojunction photoelectric conversion system is one of the effective means of improving the separation and transfer ability of photoelectrons and holes, which is one of the popular methods of solving the bottleneck problem in photocatalysts. A heterogeneous junction nanometer photocatalyst not only can broaden the wavelength range of a wide band gap semiconductor by sensitization, but can also suppress the secondary recombination of carriers by the built-in electric field, so that the photocatalytic performance of the catalytic material can be greatly optimized (Tong et al. ; Wang et al. ; Low et al. ) . At present, there are many studies of the semiconductor heterojunction and its use in pollutant treatment. Juntrapirom et al. () prepared a novel heterojunction structure of SnS/BiOI using the hydrothermal co-precipitation method and discussed the mechanism of photocatalytic degradation. The results show that it has good degradation activity to methyl orange under visiblelight irradiation with a good stability and recoverability, and the holes and superoxide radicals are the main active substances. Du et al. () constructed a Ag 3 PO 4 /Bi 2 MoO 6 heterojunction using the deposition-precipitation method. The results show that the charge separation efficiency was improved compared with Bi 2 MoO 6 and Ag 3 PO 4 , the absorption capacity of visible light was stronger, and the RhB degradation efficiency was better. Sun et al. () prepared a g-C 3 N 4 /TiO 2 heterojunction on the diatomaceous earth by in situ deposition and evaluated the degradation efficiency of RhB and methylene blue. The results show that the photocatalytic performance of g-C 3 N 4 /TiO 2 was higher than that of pure g-C 3 N 4 and TiO 2 , and it is easy to separate with good durability.
Cu 2 O is a p-type semiconductor with a band gap of 2.0 eV and a high optical absorption coefficient. TiO 2 is a kind of n-type semiconductor with a band gap of 3.2 eV and is a preferred photocatalytic material. Both can be used for photocatalysis, sensors, hydrogen production from water photocatalysis, solar cells, etc. ( In this paper, TiO 2 and Cu 2 O films were separately prepared by sol-gel method and constant current deposition method to obtain a heterojunction Cu 2 O/TiO 2 nanocomposite thin film. In order to further improve the photocatalytic performance of Cu 2 O/TiO 2 , the effect of annealing treatment on the properties of the Cu 2 O/TiO 2 nanocomposite thin film was thoroughly examined. The photocatalytic properties of the Cu 2 O/TiO 2 nanocomposite thin film were studied by photocatalytic degradation of RhB using the RSM, and experimental results are satisfactory.
MATERIALS AND METHODS

Materials
Butyl titanate [Ti(OBu) 4 ] was purchased from Tianjin Hongyan Chemical Co., Ltd (Tianjin, China); copper sulfate (CuSO 4 ) was obtained from Guangdong Guanghua Technology Co., Ltd (Guangzhou, China); lactic acid (C 3 H 6 O 3 ), glacial acetic acid (CH 3 COOH), and anhydrous ethanol (C 2 H 5 OH) were supplied by Tianjin Fuyu Fine Chemical Co., Ltd (Tianjin, China); and nitric acid (HNO 3 ) and sodium hydroxide (NaOH) were purchased from Sichuan Xilong Chemical Co., Ltd (Chengdu, China). The purities of all of the above reagents are analytical grade. Indium-tin oxide (ITO, R 15Ω/□) was supplied by Guangdong Junyi Glass Industry Co., Ltd (Foshan, China).
Preparation of TiO 2 thin film
The molar ratio of 1: 25: 1.2: 2 for butyl titanate (10 mL): anhydrous ethanol (42 mL): glacial acetic acid (2 mL): H 2 O (1 mL) was determined. Then, a solution of 10 mL of butyl titanate was added dropwise to 30 mL of anhydrous ethanol under vigorous stirring at room temperature, and then 2 mL of glacial acetic acid was added dropwise. A clear pale yellow solution, designated A, was obtained after stirring for 20 min. A solution containing 1 mL of H 2 O and 12 mL of anhydrous ethanol was slowly added to a few drops of 0.5 mol/L HNO 3 under vigorous stirring to obtain solution B at pH ¼ 3.0. Solution B was slowly added to solution A at a speed of 1-2 drops/s with stirring to obtain a clear pale yellow sol, designated solution C, which was stirred for 2 h and aged for 24 h.
The TiO 2 /ITO thin film was prepared using a DTL-MMO 2 dip-coating machine (Shenyang Kejing Automation Equipment Co., Ltd, China). The ITO substrate (35 mm × 15 mm × 1 mm) was immersed in solution C for 60 s and stretched at a speed of 50 mm/min, and then the wet film was dried in an oven at 100 C for 5 min. Moreover, the dried film was placed in a muffle furnace at 500 C for 2 h at a heating rate of 10 C/min and cooled at room temperature. Finally, the TiO 2 /ITO thin film was washed with distilled water and dried.
Preparation of Cu 2 O/TiO 2 nanocomposite thin film
The Cu 2 O/TiO 2 nanocomposite thin film was prepared by the constant current electro deposition in a three electrode electrochemical system using a CHI660D type electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd, China). The TiO 2 /ITO thin film was used as the working electrode, the Pt electrode was the counter electrode, and the saturated calomel electrode (SCE) was the reference electrode. The electrolyte solution was mixed with 0.05 mol/L CuSO 4 and 0.375 mol/L lactic acid, which was adjusted to a pH of 11.00 with 0.5 mol/L NaOH. The Cu 2 O was then deposited for 90 min at 100 rpm stirring speed and 0.12 mA/cm 2 current density at 25 C. The Cu 2 O/TiO 2 nanocomposite thin film was obtained by immersing the deposited film in anhydrous ethanol for 5 min after drying.
Annealing treatment of Cu 2 O/TiO 2 nanocomposite thin film
A GSL-1500X type digital temperature control tube furnace (Sino-American Joint Venture Hefei Kejing Technology Co., Ltd, China) was used for annealing treatment of the Cu 2 O/ TiO 2 nanocomposite thin film. The samples were placed into a vacuum tube furnace under N 2 atmosphere. The heating rate was 20 C/min and the sample was annealed at 150 C, 200 C, and 250 C for 30 min, separately. Afterwards, the samples were cooled to room temperature.
Characterization of Cu 2 O/TiO 2 nanocomposite thin film X-ray diffraction (XRD, XRD-6100, Shimadzu, Japan, Cu Kα, λ ¼ 1.54056 Å), K-Alpha X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, America, Al Kα, 150 W, 15 kV, 1,486.71 eV), and microscopic confocal laser Raman spectroscopy (Raman, Renishaw, UK) were employed to analyze the structure of the Cu 2 O/TiO 2 nanocomposite thin film. Scanning electron microscopy (SEM, TESCAN VEGA3, TESCAN, Czech Republic) was utilized to characterize the surface morphology of the samples. An ultraviolet visible light spectrophotometer (UV-Vis, UV-3600, Shimadzu, Japan) and spectrometer (Fluoromax-4 PL, HORIBA Jobin-Yvon, France) were used to characterize the optical properties of the Cu 2 O/TiO 2 nanocomposite thin film. Total organic carbon (TOC) analyzer (TOC, Vario TOC, Elementar, Germany) was used to measure the mineralization of RhB.
The degradation of RhB by the Cu 2 O/TiO 2 nanocomposite thin film was carried out in a photochemical reaction apparatus (Yu et al. ) . The Cu 2 O/TiO 2 nanocomposite thin film as the photocatalyst was added to 70.0 mL of 30 mg/L RhB solution, the pH of which was adjusted to be a certain value using 0.05 mol/L NaOH and 0.05 mol/L HNO 3 . The Cu 2 O/TiO 2 nanocomposite thin film was placed in the RhB solution for 50 min in the absence of light, so that adsorption equilibrium was reached; then, the photocatalytic degradation was started. The photocatalytic reaction was carried out at 40 C with a 500 W metal halide lamp as the light source (below 400 nm, light was filtered out using optical filters and the main wavelength range was 400-1,100 nm), taking a sample every 30 min. The concentration of RhB was measured using the spectrophotometric method at 557 nm.
Experimental design for RSM
Based on the single factor experimental result, the influence of each factor on the degradation rate of RhB was studied. According to the center combination test of Box-Behnken and Design Expert, the degradation conditions were optimized and the results were fitted by a quadratic polynomial to predict the best conditions of degradation. The degradation rate of RhB by the Cu 2 O/TiO 2 nanocomposite thin film was considered the response (Y ). The pH (A), the initial concentration of RhB (B), and temperature (C ) were used as independent variables. The design and experimental results are shown in Table 1 .
RESULTS AND DISCUSSION
Microstructure characterization of Cu 2 O/TiO 2 nanocomposite thin film (200) crystal plane of the anatase phase, respectively, which does not show the diffraction peak of the rutile phase, indicating that the method can be used to obtain high purity TiO 2 film of anatase phase. The Cu 2 O/TiO 2 crystals show strong and sharp diffraction peaks at 2θ of 29. 55 , 36.42 , 42.30 , 61.34 , and 73.53 , corresponding to (110) , (111), (200), (220), and (311) crystal planes, respectively, which is consistent with standard card JCPDS No.05-0667. There is almost no Cu or CuO diffraction peaks, indicating that the prepared Cu 2 O thin film has high purity. It can be seen from Figure 1(b) , after annealing treatment, that the diffraction peaks of the Cu 2 O/TiO 2 nanocomposite thin film are consistent with an unannealed thin film. This indicates that there is almost no impurity and the Cu 2 O crystal still has high purity. The preferential orientation of the Cu 2 O (111) plane at 250 C is higher than that of Cu 2 O crystals by annealing treatment. The (111) Figure 2(d) shows the Raman spectra of the Cu 2 O/TiO 2 nanocomposite thin film. The strongest peak, 216 cm À1 , belongs to the second order multiplication 2Γ À 12 vibrational mode, that of 152 cm À1 belongs to the vibrational mode of 2Γ À(1) 15 , and that of 403 cm À1 belongs to the fourth-order frequency doubling 4Γ À 12 vibrational mode of crystal Cu 2 O. These are all caused by the Raman resonance effect. The peak at 619 cm À1 is the Γ À(2) 15 transverse optical mode excited nanocomposite thin films are basically the same, having strong and wide luminescence signals in the range 410-450 nm and an apparent peak at 430 nm. After 250 C annealing treatment, the photoluminescence intensity of the Cu 2 O/TiO 2 nanocomposite thin film increases. The photoluminescence intensity is related to the separation efficiency of electron-hole pairs. The higher the photoluminescence intensity, the higher the O content of the surface, which has a higher separation efficiency of the electronhole pairs, improving the photocatalytic activity ( Jing et al. ) . 
SEM characterization
Analysis of response surface design of the degradation of RhB
The experimental data of Table 1 were fitted by Design Expert 8.0 software to establish the quadratic polynomial regression Equation (1) of the degradation rate and coding of independent variables. Y% ¼ 99:10 À 3:55A À 3:01B þ 0:037C À 2:55AB þ 2:55AC þ 0:83BC À 8:31A 2 À 8:59B 2 À 15:84C 2
(1)
The regression model variance was analyzed and it can be seen from Figure 6 (a) and 6(b) that all the residual points are evenly distributed on both sides of the straight line, indicating that the standard residuals is subject to normal distribution. The error of this model is mainly system error within the allowable error, and the predicted value of the model for the degradation rate and true degradation rate can be well matched. It is known that the 'Prob > F' value is less than 0.05, meaning that the indicator is significant. Table 2 is the ANOVA analysis of the response surface secondary model. In the ANOVA analysis, the F value is the ratio of the mean square between the group and the mean square in the group, which can reflect the importance of the factors to the RhB degradation. The larger the F value, the greater the effect on the degradation rate (Khataee et al. ) . The F value of the model is 508.63, indicating that the model is significantly well fitted. P value refers to the 
probability value under the corresponding F value, when the 'Prob > f' value is less than 0.0001, indicating that the model term is highly significant. As can be seen from Table 2 , A, C, AB, AC, A 2 , B 2 , and C 2 are significant model terms. The response variables of C and A are significant, and that of B is insignificant from the single factor F value, while the secondary items C 2 , B 2 , A 2 are significant, and the interaction items AB, AC, and BC are significant, and AB, AC rather than BC have a greater impact. The effect of significant interaction AB on the degradation rate of RhB was investigated. Figure 7 (a) and 7(b) show the effect of the concentration of RhB and pH on degradation rate under the optimum condition of temperature (40 C). The degradation rate of RhB increases with the increase of pH when the pH is within the range 3.0-3.5. The degradation rate of RhB decreases with increasing pH when the pH is greater than 3.5. It can be seen from Figure 7 (a) and 7(b), when the concentrations of RhB and pH were 13-25 mg/L and 3.2-3.6, respectively, the RhB degradation rate was greater than 95%. The effect of significant interaction AC on the RhB degradation rate was investigated. Figure 7 (c) and 7(d) show the effect of pH and temperature on the RhB degradation rate. It can be seen from Figure 7 (c) and 7(d) that the RhB degradation rate increased gradually with increasing temperature. When the pH and temperature were 3.2-3.7 and 32 C-41 C, respectively the RhB degradation rate could reach higher than 95%.
The optimum conditions for the model are the following: initial pH of the solution, 3.4; initial RhB concentration, 20 mg/L; and degradation temperature, 38 C. The predictive value of the degradation rate is 97.5% under this optimum condition, in which the RhB degradation rate was 98.4%. The difference between the experimental value and the theoretical value is only 0.82%, indicating that the established model is accurate and reliable. Figure 8 shows the degradation curves and corresponding kinetic curves of the Cu 2 O/TiO 2 nanocomposite thin film for RhB. As shown in Figure 8(a) , RhB has a maximum absorption peak near 557 nm. With increasing degradation time, the absorption peak gradually decreased, indicating that the conjugated chromophore phenylamino group of RhB was destroyed. The absorption peaks at 259 and 352 nm gradually decreased, indicating that the benzenering structure has been completely degraded, that is, RhB is almost completely degraded. Figure 8(b) is the RhB degradation kinetics curve, from which it can be seen that the degradation rate of RhB could reach 98.4% under this optimum condition. Figure 8(b) inset shows that the solution TOC decreases with the increase of reaction time. Within the reaction time of 180 min, the solution TOC decreased from 324.38 to 168.01 mg/L, and the removal rate was 48.2% at 98.4% RhB conversion, indicating that the RhB was mainly degraded to intermediates and was partially mineralized to CO 2 and/or CO (Li et al. ) . It indicates that the Cu 2 O/TiO 2 nanocomposite thin film can be used to degrade RhB. As can be seen from Figure 8 (b) inset, with the degradation time increases, the removal rate of TOC in solution increases rapidly. After 150 min of degradation, the removal rate of TOC increases slowly. This may be caused by with increase in degradation time, decrease in RhB concentration and increase in the concentration of other intermediates associated with the formation and transformation of the reaction intermediates ( Joshi et al. ) . Meanwhile, the resulting intermediates may be resistant to photocatalytic degradation (Du et al. ) . Thus, the removal rate of TOC increases slowly. Table 3 shows the effect of the reuse of the Cu 2 O/TiO 2 on the photocatalytic activity. As shown in Table 3 , the photocatalytic activity of the Cu 2 O/TiO 2 nanocomposite thin film decreased with increasing the number of cycles. After eight cycles, the RhB degradation rate constant was reduced from 0.0230 to 0.0161 K/min À1 , but the RhB degradation rate could reach higher than 94%. This shows that the prepared Cu 2 O/TiO 2 nanocomposite thin film has a good reusable performance. However, it was found that serious photocorrosion occurred after fifteen cycles, and the catalytic performance of Cu 2 O/TiO 2 thin films greatly reduced. This is also a key issue that it needs further study in the future.
Although the prepared thin film has some disadvantages as photocatalyst, it can overcome the defects of TiO 2 and Cu 2 O particles which are difficult to recycle, and has a better photocatalytic effect compared to a single catalyst. It provides a certain reference value for further research.
CONCLUSIONS
In summary, Cu 2 O/TiO 2 nanocomposite thin films were successfully prepared and their structural characteristics were characterized. The effect of annealing treatment on Cu 2 O/TiO 2 nanocomposite thin film structure and properties was discussed. After annealing treatment, the absorption intensity of the light and open circuit voltage of thin film increased. Annealing treatment can effectively improve the (111) crystal surface diffraction peak intensity and photoluminescence intensity of thin film, which improves, in turn, the photocatalytic activity by reducing the recombination of electrons and holes. The optimal degradation conditions were obtained by using response surface design. The optimum degradation conditions are as follows: solution pH, 3.4; initial concentration of RhB, 20 mg/L; and degradation temperature, 38 C. Under optimum conditions, the RhB degradation rate could reach 98.4% in 3 h. After eight cycles, it can still reach 94.5%. The Cu 2 O/TiO 2 nanocomposite thin film show better catalytic degradation performance for RhB and, thus, has potential application value in organic wastewater treatment.
